Short-range atomic structures including the chemical environment and interatomic distance along the in-and out-of-plane directions in ͓Co ͑1 ML͒/Pd͑3 ML͔͒ 13 multilayer films ͑ML notes monolayer͒ are studied using polarized Co K-edge extended x-ray absorption fine structure. The chemical Co environment is found to be isotropic. The alloy-like character is dominant at interfaces in typical Co/Pd multilayers and yields perpendicular magnetic anisotropy ͑PMA͒ through the strain anisotropy of Co atoms. Since then, Co-based multilayer films have been intensively studied because of their great technological importance in applications to perpendicular magnetic and magneto-optical recording media, necessary for high-density information storage.
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Since then, Co-based multilayer films have been intensively studied because of their great technological importance in applications to perpendicular magnetic and magneto-optical recording media, necessary for high-density information storage.
2-4 Such multilayer films exhibit a transition of magnetization orientation from in plane to normal to plane as the Co layer thickness, t Co , decreases to about several atomic monolayers ͑MLs͒.
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The thickness-driven spinreorientation transition has been a fundamentally challenging subject in thin film magnetism over the last decade. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] PMA observed in Co-based multilayer films is generally explained by Néel-type interface anisotropy 14 through broken symmetry of magnetic atoms at flat interfaces and/or misfit-strain induced anisotropy. [9] [10] [11] To estimate the interface anisotropy contribution to magnetic anisotropy, K, the value of K has been measured as a function of t Co and fitted to the phenomenological equation,
where, K s and K v are the interface and volume contributions, respectively, and are usually assumed to be intrinsic properties independent of t Co . For thicker t Co , measured K data fit well to Eq. ͑1͒ except, generally, in a range of 1-2 ML Co. 6 PMA must be characteristic of interfaces of a few ML Co and hence K s and K v are ultimately determined by atomic-scale details of how the interface structure is formed, including asymmetry of the chemical environment and subsequent lattice relaxation that influence the spin-polarized electronic structure. Nevertheless, detailed information on the atomic structures of Co by Pd at interfaces has been lacking so far. Here we question ͑i͒ what types of atoms surrounding Co are present along the in-and out-of-plane directions in Co͑1 ML͒/Pd multilayers and ͑ii͒ how distant are Co atoms separated along both directions.
In this communication, we study the Co/Pd interface structure in ͓Co͑1 ML͒/Pd͑3 ML͔͒ 13 multilayer films having PMA. To investigate the local structure anisotropy of Co on the atomic scale, linear-polarization dependent extended x-ray absorption fine structure ͑EXAFS͒ measurements are employed because the electric field dependence of EXAFS signals with respect to a bonding axis provides both directional-and chemical-specific nearest-neighbor ͑nn͒ information around Co absorbers. 12, 15 The results show evidence that Co atoms in Co/Pd multilayer films have a chemically isotropic environment, i.e., an alloy or alloy-like character that interestingly yields PMA through interatomic distance anisotropy.
The multilayer samples were fabricated on Si wafers by alternating evaporation of Co and Pd at a deposition rate of 0.3Ϯ0.04 Å/s in a vacuum chamber under a base pressure of less than 1ϫ10 Ϫ7 Torr. The sample structures were investigated by x-ray diffraction and cross-sectional transmission electron microscopy ͑TEM͒. A typical cross-sectional TEM image of a ͓Co͑2 ML͒/Pd ͑12 ML͔͒ 13 multilayer film reveals that atomic lattice fringes of ͑111͒ planes are parallel to the film plane ͑Fig. 1͒, indicative of a well ͑111͒-oriented crystalline structure. However, no clear contrast between Co and Pd layers is visible although the low-and high-angle diffraction multilayer peaks are observed. This sample shows considerable PMA, as evident from the in-plane and perpendicular hysteresis curves measured using a vibrating sample magnetometer ͑VSM͒ ͑see the inset of Polarized Co K-edge EXAFS spectra were measured in a fluorescence yield mode by rotating the sample orientation with respect to the electric field vector, E. 12, 15 For the polarization setup, E is nearly perpendicular (E V ) and parallel (E H ) to the film surface at the grazing incidence of synchrotron radiation. Due to the polarization dependence of EX-AFS, coordination number, N, and interatomic distance, R, of the first nns around Co absorbers for the ͑111͒-oriented crystalline structure can be determined for the in-͑in͒ and outof-plane ͑out͒ atoms separately. 12, 15 Radial distribution functions ͑RDFs͒ are shown in Fig. 2͑a͒ , obtained through Fourier transforms ͑FTs͒ of Co EXAFS functions taken at two polarization orientations. The Co-Co correlation major peaks ͑vertical solid lines͒ relative to the Co-Pd peaks ͑ver-tical dashed lines͒ are similar in magnitude for both polarizations, indicating a chemically isotropic Co environment. For clear comparison, simulated RDFs for both model cases of a randomly disordered Co 1 Pd 3 alloy and a flat interface of a Co/Pd multilayer are given in Fig. 2͑b͒ . Clear differences in the RDFs between E V and E H are seen for the ideally flat interface, which is characteristic of a multilayer structure, while there is no difference for the model alloy. The relative sizes of Co-Co to Co-Pd peaks in experimental RDFs are close to that of the model alloy structure, strongly supporting a chemically isotropic Co environment in real multilayer films. Whereas multilayer samples are intended to have a layered structure, an alloy-like environment forms in real multilayer films.
The RDFs taken with both polarizations are simultaneously fitted to model structures to determine N Co in͑out) and R Co in͑out) for Co-Co pairs. 16, 17 The resulting fitting parameters are shown in Table I 10 The ⌫ determined with the measured N Co in shown in Table I indicates alloying of 1 ML Co and 3 ML Pd as seen in Fig. 3 , where composi- tional modulation profiles of Co derived from the ⌫ are plotted.
In the following, we provide insight into the PMA mechanism related to the alloy-like Co environment found in this work. An interface region where the alloy-like structure is dominant must be considered as a volume quantity in the case of t Co р⌫ because the overall magnetic properties of the films are determined entirely by this layer where the electronic structure of Co is modified by Pd atoms. 18 To establish a more correct model for this case, Eq. ͑1͒ must be rewritten as
where ␦ is the thickness of Co rich, alloy-like transition layers. In a case of t Co Ϸ␦Ͻ⌫, 2K s in Eq. ͑1͒ is no longer an interface contribution, but the volume contribution of ␦, so that it becomes ␦•K ␦ . Of course, in the case of t Co у␦ the ␦•K ␦ acts as an interface anisotropy. In our case, magnetic properties are determined entirely by ␦ so that K can be considered to consist only of K ␦ . It is worth noting that both K ␦ and K v can vary with t Co in the ultrathin regime because the atomic-scale details of Co near Pd including morphology, misfit strains, and atomic environments, change with t Co . In particular, strain effects vary sensitively with spacer layer thickness as does t Co according to the balance between the elastic and interfacial energy.
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To understand the nonbroken symmetry origin of PMA observed from the alloy-like nature of ␦, we consider significant interatomic distance anisotropy ͑Table I͒. The strain anisotropy of Ϯ0.014-0.018 ͑Ref. 15͒ obtained from the multilayer samples yields the in-plane tensile ͑ϩ͒ and outof-plane compressive ͑Ϫ͒ stresses. It was reported that the magnetostriction coefficient, , sensitively varies with alloy composition. 19 A large negative value of 111 ϳϪ10 Ϫ4 for ͑111͒-oriented Co x Pd 1Ϫx alloy films with xϭ0.25-0.3 plays an important role in PMA through the in-plane tensile and out-of-plane compressive stresses, i.e., via inverse magnetostrictive effect. 20 Symmetry breaking of magnetic atoms is not absolutely necessary for PMA, but Pd as a neighbor of Co is more likely to be necessary for modification of the Co d electron structure. 18 A multilayer structure seems to be an effective way by which to give both the anisotropic strain effect on Co and the Pd proximity to Co, which may influence macroscopic parameters such as and microscopic parameters such as spin-orbital coupling, orbital moment, and their directional anisotropy. 
